A zinc ion-sensitive mutant of Mycobacterium smegmatis was isolated. The transposon insertion was located in zitA (MSMEG0750), a gene coding for a cation diffusion facilitator family protein. Zinc ions specifically induced expression of zitA. In silico analysis revealed that environmental and opportunistic pathogenic species contain higher numbers of cation diffusion facilitator genes than do obligate pathogens.
Zinc is an essential trace element. However, a high concentration of zinc ions causes toxicity. Therefore, cells require homeostasis mechanisms to control the intracellular zinc ion concentration. In bacteria, the zinc ion concentration is controlled by the activity of membrane transporters belonging to different families that mediate its uptake and efflux. The cation diffusion facilitators (CDFs) are integral membrane proteins that transport various divalent cations, including Zn(II) (19) . Some of the CDF proteins have been shown to be specific for a single metal ion substrate whereas others possess broad substrate specificity (8, 15) .
The genus Mycobacterium encompasses various environmental and pathogenic species. Zinc acts as an important component of many mycobacterial enzymes such as superoxide dismutase, alcohol dehydrogenase, carbonic anhydrase, etc. (5, 7, 25) . Sufficient acquisition of zinc ions may therefore be important for production of zinc-containing enzymes in active form. Moreover, both pathogenic and environmental mycobacteria survive in various inhospitable conditions in external habitats (6, 12, 16) . Resistance mechanisms become important for survival and growth in zinc ion-contaminated habitats. Studies aiming to understand zinc ion homeostasis mechanisms in mycobacteria have recently been initiated. Two transcriptional regulators shown to be induced by zinc ions have been identified from Mycobacterium tuberculosis and Mycobacterium smegmatis (13) , and their role in regulation of genes involved in zinc ion homeostasis was later suggested (3) . However, molecular determinants for zinc ion acquisition and resistance in mycobacteria are yet to be identified. Here we report the identification and characterization of a chromosomal zinc ion resistance determinant of M. smegmatis.
Isolation of a zinc ion-sensitive mutant. Strains, plasmids, and oligonucleotides used in this study are summarized in Table 1 . A transposon mutant library of M. smegmatis mc 2 155 was prepared using a previously described protocol with minor modifications (22) . The plasmid pMycoMar was transformed by electroporation (23) , and the transformants were allowed to grow at 28°C for 24 h without antibiotic selection. The mutants were selected at 42°C on Luria-Bertani (LB) agar plates supplemented with 5% sucrose and kanamycin (20) . The mutant library, consisting of more than 2,500 mutants, was screened for zinc ion sensitivity, and mutant K516, which failed to grow on 400 M zinc acetate-containing LB agar, was identified. The MIC assays were performed by growing M. smegmatis strains for 24 h in LB broth with 0.05% Tween 80 and further inoculating the cultures as 1:200 dilutions in fresh medium containing a range of concentrations of different metal salts. The cell growth was monitored after 48 h as absorbance at 600 nm. Mutant K516 showed 10-fold-increased sensitivity to zinc ions in comparison to wild-type M. smegmatis mc 2 155; however, the sensitivity to other tested divalent metal ions remained unchanged (Table 2) . Southern hybridization using an NdeI-BamHI fragment carrying the mariner minitransposon from pMycoMar as a probe revealed a single transposon insertion in the mutant chromosome ( Fig. 1) , indicating that the disrupted locus is responsible for the zinc ion-sensitive phenotype of the mutant.
Mapping of transposon insertion site and sequence analysis. The transposon-and flanking-region-containing fragment was cloned after BamHI digestion of genomic DNA from the mutant and used for determining the DNA sequence flanking the transposon using primers MarA for the 5Ј insertion site and MarB for the 3Ј insertion site (21) . The sequences obtained were searched using the Basic Local Alignment Search Tool (BLAST) in M. smegmatis genome sequence databases (http: //tigrblast.tigr.org/cmr-blast/) to map the transposon insertion site. The transposon insertion was located 462 bp downstream of the translation initiation site of an open reading frame predicted to encode a putative cobalt-zinc-cadmium resistance protein (TIGR accession no. MSMEG0750). Since the disruption of this gene resulted in zinc ion sensitivity of the mutant, it was designated zitA (zinc ion tolerance gene A).
ZitA shared 40% identity with the cobalt, zinc, and cadmium resistance protein CzcD of Cupriavidus (formerly Ralstonia) metallidurans CH34 (2); 36% identity with the zinc resistance protein ZitB of Escherichia coli (8) ; and 29% identity with the zinc and cobalt resistance protein ZntA of Staphylococcus aureus RN450 (26) . ZitA has one histidine-rich region at the amino terminus (four amino acids out of six), which may be involved in zinc ion binding. Similar histidine-rich regions have been predicted for binding of metal ions in ZntA and ZitB (11, 26) . In contrast to two other characterized bacterial zinc iontransporting CDF homologues, ZitB and ZntA, ZitA has no histidine-rich region at the carboxy terminus. It was similar to CzcD, which also lacks a histidine-rich region at the carboxy terminus. An amino acid sequence alignment of ZitA with characterized bacterial CDF proteins, i.e., CzcD, ZitB, and ZntA (data not shown), revealed that the majority of the conserved residues found important for activity of ZitB and CzcD were present in ZitA (except H159 of ZitB and C290 and H298 of CzcD), indicating that these proteins use similar mechanisms for zinc ion detoxification (1, 11) .
zitA complements the zinc ion-sensitive mutant. The zitA gene along with the putative promoter region was PCR amplified using primers ZitAF and ZitAR and cloned in pSMT3 to create pAG1. Mutant K516 and M. smegmatis mc 2 155 were transformed with pAG1 and vector control. The MICs of zinc ion were 1,250 M and 150 M for K516/pAG1 and K516/ pSMT3, respectively. Thus, expression of zitA from a multicopy plasmid, pAG1, was able to complement the zinc ion sensitivity of the mutant ( Fig. 2A) . Disruption of zitB, a close homologue of zitA in E. coli, did not affect zinc ion sensitivity, and only a double mutant, zitB along with zntA (a P-type ATPase), exhibited hypersensitivity to zinc ions (8) , confirming that zitB is an additional determinant and that zntA acts as a major determinant for zinc ion resistance in E. coli, whereas disruption of zntA, a CDF, from S. aureus resulted in 10-and 6-fold sensitivity to zinc and cobalt ion, respectively (26) . Our results showed that disruption of zitA leads to zinc ion sensitivity of the mutant to a greater extent, while sensitivity to other metal ions remained unaffected, indicating that zitA is a major and specific determinant of zinc ion resistance in M. smegmatis. To analyze metal-dependent expression of zitA, a translational fusion using lacZ as a reporter gene was constructed. The promoter sequence was searched by using the prokaryotic option of the neural network promoter prediction algorithm of the Berkeley Drosophila Genome Project (http://www.fruitfly.org/seq_tools/promoter.html). A 550-bp region containing the putative promoter, ribosomal binding site, and translation initiation site along with 18 initial codons of the zitA gene was amplified by using primers ZitApF and ZitApR by PCR. The PCR product was cloned in promoterprobe vector pJEM13 in the KpnI restriction site (24) . The construct with correct orientation was selected by restriction digestion. The resultant plasmids pAG2 and pJEM13 were electroporated in M. smegmatis mc 2 155. The cultures from mid-log phase were diluted in fresh Sauton medium and were grown at 37°C to an optical density at 600 nm of 1.0. Induction with different metal ions was carried out for 6 h. A zinc ion chelator, TPEN [tetra-kis-(2-pyridylmethyl)ethylenediamine; Sigma], was added in culture media as needed. Cells were then disrupted by sonication and centrifuged at 12,000 ϫ g for 10 min at 4°C. ␤-Galactosidase activity of the extracts was measured as previously described (14) . Total protein was determined using a protein determination kit (BCA-1 kit; Sigma) according to the supplier's instructions. The enzyme activity was expressed as nanomoles of o-nitrophenol produced min Ϫ1 mg of protein Ϫ1 . Background ␤-galactosidase activities were estimated using vector control in each experiment and were subtracted from the tests. The background activities were always less than 10% of the activities obtained for the test. The ␤-galactosidase activity of M. smegmatis mc 2 155/pAG2 grown in Sauton medium or Chelex-100 (10 g/liter)-treated Sauton medium, supplemented with filter-sterilized MgSO 4 and ferric ammonium citrate solution (13), was 585.71 Ϯ 30.57 U/mg protein, which indicated a possibility of zinc ion contamination in Sauton medium even after Chelex-100 treatment. Reporter assays were then performed with cultures grown in Sauton medium containing variable concentrations of the zinc ion chelator TPEN (4, 18) . TPEN addition to culture medium at a final concentration of 1.0 M was able to reduce promoter activity about threefold, whereas further additions of TPEN of up to 7.5 M did not reduce expression of the gene below a basal ␤-galactosidase activity of 170.10 Ϯ 5.30 U/mg protein (Fig. 2B) .
To examine the metal ion specificity of zitA expression, ␤-galactosidase assays were performed with cultures grown in medium supplemented with TPEN or not. Cultures were induced with different metal ions at 100 M (except for cadmium salt, which was used at 10 M) for 6 h and then used for ␤-galactosidase assays. Zinc was able to induce promoter activity about twofold in comparison to control (Fig. 3A) . In 1.0 M TPEN-supplemented Sauton medium, addition of zinc ions induced ␤-galactosidase activity more than sixfold in comparison to the respective control. In contrast, other metal ions did not induce expression from the zitA promoter. Addition of other metal ions to TPEN-supplemented Sauton medium increased ␤-galactosidase activity approximately close to the level in the control without TPEN. This is expected due to competitive release of TPEN-bound zinc ions by the presence of a manyfold-higher concentration of other metal ions. The concentration dependence of zitA expression by zinc ions was examined. Induction was observed with 1.0 M zinc acetate and reached a maximum at 100 M (Fig. 3B) . These results imply that zitA is specifically regulated by zinc ion in the micromolar range.
Distribution of CDF family proteins in mycobacteria. ZitA homologues were searched in completed mycobacterial genomes by BLASTP in the NCBI database and the Mycobacterium marinum genome database at the Sanger Institute (Table 3 ). Mb2025c from Mycobacterium bovis was identical in sequence with Rv2025c from M. tuberculosis H 37 Rv, so it was not taken for further analysis. A search for paralogous proteins in the M. smegmatis genome revealed the similarity of MSMEG5964 and MSMEG5963 to the N-terminal and Cterminal regions of CDF proteins, respectively. This indicated that a nonsense mutation in the gene encoding the second CDF of M. smegmatis resulted in two open reading frames with similarity to CDF proteins. Comparative analysis of DNA and translated sequence of the M. smegmatis MSMEG5963/ MSMEG5964 region with MAP2784 from Mycobacterium avium subsp. paratuberculosis k10 revealed that a nonsense mutation probably changed codon CAG to stop codon TAG. To confirm that it is not a sequencing error, we amplified this region from M. smegmatis mc 2 155 and M. smegmatis LR222 and sequenced the amplified product (data not shown). The sequence analysis revealed that both strains had this mutation, indicating that these M. smegmatis strains carry mutations in the second CDF gene. Phylogenetic analysis (Fig. 4) of mycobacterial CDF proteins and characterized bacterial CDF proteins revealed that these proteins cluster in two main groups, the CzcD/ZitB group and the other (FieF) group. M. smegmatis mc 2 proteins are required for survival in an external contaminated environment. The presence of more than one member of a particular group may reflect differences in their substrate preference and efficiency (15) .
Genes for zitA homologues from other cognitive mycobacterial species, MAP3865c, MAP2784, Rv2025c, and ML0283, were PCR amplified and cloned individually under the control of the hsp60 promoter at PstI and HindIII sites in pSMT3*. Oligonucleotides used for cloning are described in Table 1 . MSEMG0750 (zitA) was also cloned in the HindIII site under the control of the hsp60 promoter in pSMT3*, and the construct with correct orientation was checked by restriction digestions. The resultant plasmids pAG3, pAG4, pAG5, pAG6, and pAG7 were electroporated independently in mutant K516 and M. smegmatis mc 2 155. An M. avium subsp. paratuberculosis k10 zitA orthologue, MAP3865c, partially complemented mutant K516 and increased the zinc acetate MIC to 500 M in comparison to 150 M for control (Fig. 5) . Another zitA orthologue from M. leprae TN, ML0283, did not result in reversal of the zinc ion sensitivity of the mutant K516 but slightly improved the growth of the mutant at 50 M zinc acetate. ML0283 is predicted to have a frameshift after codon 220 by GCframeprot and codon usage plot analysis (http://genolist .pasteur.fr/Leproma). The similarity of the encoded protein to known CDFs ends after the probable frameshift, and it is predicted to be nonfunctional. In line with these predictions, our complementation analysis also indicates that the ML0283 gene encodes a defunct protein with very low activity. Homologous CDFs MAP2784 and Rv2025c improved the growth of mutant K516 at 50 M zinc acetate but failed to provide zinc ion resistance at higher concentrations; nonspecific activity of the translational product of these genes towards different metal ions might be the reason for resistance at lower concentrations of the zinc ions. Many CDF proteins are known to transport more than one metal ion (2, 15, 26) . The iron-transporting CDF protein (FieF) and the divalent cation-transporting CDF protein (DmeF) are also shown to transport zinc ions with lower specificity and provide some resistance towards zinc ions (9, 15) . Assignment of a precise function to other CDF proteins in mycobacteria needs further functional characterization. The zitA mutant obtained in this study, K516, will be useful for these studies as both the CDF genes are mutated in this strain. 
